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Abstract 


A  la.ge  modified  polar  nephelometer  was  constructed  for  the  purpose  of  mak¬ 
ing  high  altitude  atmospheric  optics  measurements.  The  instrument  is  balloon- 
borne  and  measures  the  angular  volume  scattering  function  from  ground  to  better 
than  26  km  in  absolute  qua:  uties.  The- results  of  the  Initial  flight -with  the  unit 
are  presented  and  they  depict  the  variability  in  this  parameter  over  the  altitude 
profile  for  three  scattering  angles  and  four  wavelengths.  In  addition,  the  polari¬ 
zation  and  the  forwardrtd-backscatter  ratio  of  the. scattered  light  are  shown  to  be 
sensitive  indicators  of  the  atmosphcre's  .vertical  aerosol-struciu*-^.  The  import 
of  these  .^reliminr.ry  results  is,,  however,  in.pointing  out  the  capabilities  of  this 
instrument,  which  can  provide  quantitative  information  on  fundamental  optical 
parameters  of  the  atniof  phere  without  the  constraints  inherent: in  other  techniques. 
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Mutations 


Atmos*  *ieric  Optics  Measurements  With  a 
Balloon-Borne  Nephelometer 


I.  LMflKKMKrnON 


Experimental  investigations  of  altitude  variations  in  the  optical  scattering 
properties  of  the  atmosphere  usually  involve  measurements  of  the  extinction  co¬ 
efficient  or  the  angular  v  >lume  scattering  function,  @  (6)-  The  latter  quantity  is 
the  more  difficult  to  measure  accurately  as  it  represents  the  amount  of  light  an 
irradiated  volume  element  sends  out  in  a  particular  direction.  This  places  strin¬ 
gent  requirements  on  the  measurement  apparatus,  if  reliable  results  are  to  be 
obtained,  since  the  angular  distribution  of  the  scattered  light  as  well  as  its  v  ave- 
length  and  polarization  depend  on  sundry  properties  of  she  air  molecules  and  aero¬ 
sols  contained  in  the  volume  element.  These  properties'  include  molecular  and 
aerosol  number  densities,  size  distribution,  refractive  index,  and  particle  shape. 
In  situ  measurements  of  $16)  to  high  altitudes  thus  provide  information  on  funda¬ 
mental  atmospheric  parameters  and  their  variability  w»o*  altitude. 

Generally,  methods  for  measuring  $  (d)  have  used  natural  or  artificial  light 
sources.  With  the  sun  as  the  source,  the  luminance  of  the  horizon  in  various 
azimuths- is  observed  or  the  sky  radiance  is  measured  in  the  sun’s  vertical. 
Moreover,  the  sky  radiance  at  an  inclination  to  the  sun’s  vertical  provides  a  direct 
measurement  of  the  scattering  function  for  the  entire  atmosphere,  f»  om  which  the 
altitude  dependence  can  be  determined  under  certain  conditions  (Bulirich,  1964). 

{Received  for  publication  IS  .August  IS?!) 
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However,  these  radiance  measurements  involve,  integrating  the  total  atmospheric 
light  path,  which  renders  the  results  unreliable,  primarily  because  of  multiple 
scattering  effects. 

More  accurate  data  have  been  obtained  with  artificial  sources  such  as  search¬ 
lights  or  nephelometers.  Aiiliough  searchlight  and  laser  radar  techniques 
(Elterman,  1966;  Collins  and  Ligda,  1366;  Ciemcsha  ei  al,  1967;  Grams  and 
Fiasco.  1967)  provide  good  profiles  of  Use  extinction  or  attenuation  coefficients 
as  a  fsjnction  of  altitude,  the  volume  scattering  function  can  be  ascertained  expli¬ 
citly  for  only  a  limited  range  of  backscaitering  angles  from  these  types  of  data. 

Again,  long  optical  transmission  paths  are  involved  and  the  atmospheric  trans¬ 
mission  factor  enters  rather  crucially  into  the  instrumental  calibration,  Xephc- 
iomeiers,  which  measure  tite  volume  scat-.cring  function  directly,  obviate  these 
difficulties.  On  the  one  hand  the  measurements  are  confined  to  a  small  volume 
of  atmosphere,  thereby  precluding  transmission  path  problems,  and  on  the  oilier 
ate -instrument  can  he  calibrated  in  absolute  quantities. 

In  England,  Waidram  <19541  used  a  polar  nepheionae»cr  aboard  an  aircraft— 
and  later  on  a  tethered  balloon —to  determined  3  (6)  as  a  function  of  altitude  up 
to  9  km.  In  Australia,  Crosby  and  Koerber  (1962)  made  measurements  with  a 
balloon-borne  integrating  ncpheiometer  up  to  around  3km,  Although  nephelometry 
is  widely  used  in  ground-based  experiments,  high  altitude  measurements  of  3  (<5) 
have  generally  not  been  attempted  due  to  instrumentation  difficulties.  However, 
with  the  advent  of  iniense  light  sources  that  are  operable  in  this  extreme  environ - 
mem.  a  balloon-borne  polar  ncpheiometer  presents  itself  as  an  ideal  instrument  “ 
for  making  quantitative  atmospheric  optics  measurements.  7 

Under  ccntract  from  AFOUL-.  Spectra  Metrics*  Inc. ,  Burlington,  Massachusetts, 
designed  a  modified  polar  ncpheiometer,  with  detectors  fixed  at  five  scattf  ring 
angles,  for  high-altitude  balloon  measurements.  From  November  1967  to  Hovember 
1969,  a  series  of  experiments  was  conducted  to  altitudes  of  approximately  2i  km 
with  limited  success.  In  view  of  the  small  concentrations  of  aerosol  particles 
(perhaps  0.02  cm’3)  that  can  occur  over  the  altitude  profile-,  an  instrument  approx 
lmately  3  meters  in  diameter  was  required  to  provide  a  sufficiently  large  scatter¬ 
ing  volume  .  Notwithstanding  she  constructional  problems  this  entails,  the  prime 
bstade  reliable  data  apparently  came  from  the  use  cf  a  pulsed  light  source. 

Since  die  pulse  duration  was  -400  nsec  and  the  detected  signals  were  integrated 
over  this  interval,  the  noise  bandwidth  could  not  be  limited— the  two  being  inversely 
related.  Furthermore,  when  observed  for  short  time  intervals,  scattering  by  in¬ 
dividual  pai  acles  in  the  pulse  volume  :s  inherently  r.oise-like.  This  results.in  sig¬ 
nals  that  are  no:  very  meaningful  statistic-ally,  particularly  at  the  low  signal  levels 
concomitant  with  very  low  aerosol  concentrations. 
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As  an  outgrowth  of  this  effort,  a  nephelometcr  was  constructed  in-house  at 
AFCRL  with  generally  the  same  design  concepts  as  the  Spectra  Metrics  unit,  but 
with  some  important  modifications.  The  basic  elements  of  the  AFCRL-designed 
instrument  are  a  xenon  light  source,  operated  CW,  and  five  identical  photometers 
mounted  on  a  3.  3-m-diam  octagonal  gondola.  The  photometers  measure  the  light 
scattering  at  22°,  45°,  90°,  135°,  and  157°  from  a  volume  of  atmosphere  (about 
250  cm'*)  defined  by  the  intersection  of  the  source  and  receiver  beams.  The  source 
beam  Is  modulated  at  22.  5  Hz  and  a,c.  synchronous  detection  employed  to  restrict 
the  noise  bandwidth  and  thus  provide  a  considerable  improvement  in  the  signal-to- 
noise  ratio.  The  scattered  light  is  detected  at  four  wavelengths  (4750  $,  5150$, 
6600$,  and  7450$)  with  an  S-20  photomultiplier  in  each  photometer,  and  the  data 
output  was  recorded  in-flight  on  magnetic  tape.  To  remove  the  restriction  to 
nighttime  operation— a  limitation  on  most  atmospheric  scattering  measurements 
in  the  visible  spectral  range— the  gondola  was  designed  in  such  a  manner  that  sun¬ 
light  was  completely  excluded  from  the  measurement  volume. 

On  November  3,  1970,  at  approximately  1155  hours,  the  nephelometcr  v>as 
flown  to  26  km  from  White  Sands  Missile  Range,  New  Mexico,  as  one  of  the  sub¬ 
systems  under  Project  ATOM.  This  report  gives  the  results  of  the  flight  and 
indicates  the  capabilities  of  the  nephelometer  approach  for  providing  a  good  profile 
of  the  volume  scattering  function  as  a  function  of  altitude,  wavelength,  and  scatter¬ 
ing  angle.  Moreover,  the  light  polarization  properties  of  atmospheric  aerosols  are 
shown  to  offer  an  excellent  signature  for  the  presence  of  dust  layers,  thus  corrob¬ 
orating  changes  in  scattering  function  occurring  as  a  consequence  of  the  aerosol 
contribution  to  the  total  scattering.  Time  lapse  horizon  photographs  were  also 
made  during  the  flight,  and  these  further  verified  the  observations  discerned  from 
the  nephelometer  data. 


2.  THEORETICAL  CONSIDERATIONS 

A  beam  of  unpolarized  light  with  intensity  E(Wcm‘2)  incident  on  the  scattering 
volume  V(<£)  produces  a  radiance  at  the  scattering  angle  <j>  given  by 

IU)  =  0U)EVU)(W  sr'1)  (i) 

where  £{<£)  is  the  angular  volume  scattering  lunction  (cm’1  sr-1),  [i(6 )  is  simply  the 
fraction  of  the  incident  lignt  scattered  by  molecules  and  particles  in  the  volume 
VU). 
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For  a  system  in  which  the  source  and  receiver  are  imaged  at  the  scattering 
volume,  the  radiant  power  at  the  photometer  entrance  aperture  of  area  A  at  a 
d>°tance  R  from  the  scattering  volume  is 


R" 


(W)  . 


(2) 


Now  V(6)-is  defined  by  the  intersection  of  the  source  beam  and  the  detector  field 
of  view  and,  for  a  particular  scattering  angle,  is  fixed  (see  Figure  1).  Similarly 
E,  A,  and  R,  as  well  as  the  transmittance  of  the  receiver  optics  (lenses,  filters, 
etc.),  are  design  constants  that  in  the  actual  experimental  measurements  are  lumped 
together  in  a  calibration  factor  for  the  instrument.  As  a  result,  if  the  instrumental 
response  to  received  energy  is  linear  the  only  remaining  variable  is  (Hi)  and  the 
response  can  be -expressed  as 

W(d3)  *  K,0X(6S)  (3) 


where  Kj  is  the  calibration  factor  for  a  photometer  at  scattering  angle  ds  with  a 
spectral  "filter  of  wavelength  X.  This  factor  is  determined,  in  absolute  quantifies^ 
in  the  laboratory  so  that  £,(< y)  is  ascertained  absolutely  from  the  recorded  output 
data.  ,  - 

The  angular  distribution  of  the  scattered  light  is  usually  expressed  by  the  phase 
function,  defined  by 


/3(b) 


2^(  b)  sin  ddd 


•Tsr!)-. 


The  integral  in  the  denominator  is  the  total  scattering  coefficient  a  (cm  ").  Since 
air  molecules  and  aerosols  scatter  the  light  independently,  we  may  write  the  total 
scattering  function  as  /ix(ds>  =  crrXP^(os)  +  c7pxPp(6s)  where,  cr,^  is  the  Rayleigh 
scattering  coefficient  (cm"*),  andrP  (p.)  is  the  normalized  Rayleigh  phase  function 

_  r  O  ‘  M 1  “ 

(sr  ),<7tv.  is  the  aerosol  scattering  coefficient  (cm  ).  arid  P-.(6  )  is  the  normalized 

-  -  -i  .  .  r 

aerosoPphase  function (sr  ).  The  Rayleigh  phase  function  is  given  by 

*r(<^=Tfe<1+  cos%}  *  (4) 


Moreover,  the  Rayleigh  scattering  coefficient  cr.^  is  well  known  and  given  in  the 
literature  (Elterman,  1968).  Thus  in  principle  /3x(6g)  and  thereby  Op cL)  can  be 
determined  from  the  response  W(dg),  once  die  factor  K  is  determined  from  the 
instrument  calibration. 
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LIGHT 


Figure  1.  Scattering  Volume  Geometry 

Equation  (4)  gives  the  Rayleigh-phase  function  for  the  total  scattered  light, 
which  is  simply  one  half  the  sum  of  the  vertical  and  horizontal  components  of  the 
light  polarized  by  scattering  from  air  molecules.  The  degree  of  polarizatlon  is 
given  by-(see  for  example.  Born  and  Wolf,  1959) 


K'hf  _  !-cos26s 


Jv+IH 


l+cos2d„ 


sm\ 

'  2  ~ 
1+cos  d 


<5) 


which  predicts  complete  polarization  at  a  scattering  angle  of  90  ,  and  suggests 
further  that  departures  from  it  are  attributable  to  nor.-Rayleigh  scattering,  that 
is,  scattering  from  atmospheric  dusi  or  aerosols.  One  surmises,  therefore, 
that  if  the  ratio  of -the  vertical  and  horizontal  components  of  the  scattered  light  Is 
determined,  it  will  provide  a  measure  of  the  degree  of  polarization,  a  rattier 
sensitive  indicator  of  aerosol  scattering. 

Another  parameter  that  serves  as  an  indicator  of  atmospheric  particulate 
matter  is  the  forward-to-back  scatter  ratio.  This  follows  from  the  fact  that 
Rayleigh  scattering  is  symmetrical  about  the  90°  scattering  angle,  as  can  be  seen 
from  an  inspection  of  Eq.  (4),  For  example,  the  phase  function  is  the  same  for 
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scattering  at  45°  and  1  35°.  The  ratio  of  the  45°  volume  scattering  function  to  the 
135°  volume  scattering  function  should  thus  be  unity  for  a  pure  Rayleigh  atmos¬ 
phere,  and  values  greater  than  unity  are  a  result  of  aerosol  scattering.  We  have, 
therefore,  three  independent  measurements— the  volume  scattering  function,  the 
polarization,  and  the  forward-to-backscatter  ratio— from  which  the  vertical 
distribution  of  atmospheric  aerosols  can  be  ascertained. 


CALIBRATION 

A  unique  method  for  calibrating  the  polar. nephelometer  was  developed  by 
Pritchard  and  Elliott  (I960).  It  entails  comparing  the  intensity  of  the  light  scat¬ 
tered  by  the  atmosphere  with  the  intensity  from  a  thin  diffusing  screen  of  known 
reflectance  and  transmittance.  The  screen  is  placed  in  the  sample  space,  that 
is,  the  common  volume,  and  the  intensity  of  the  light  reflected  or  transmitted  is 
then  recorded  as  the  screen  Is  moved  through  the  volume.  This  results  in  a 
curve  characteristic  of  the  source-receiver  oeam  geometry  at  a  given  scattering 
angle;  the  area  under  the  curve  provides  the  calibration  factor  for  determining 
the  intensity  of  the  light  scattered  by  an  atmospheric  sample  under  the  same 
conditions  of  angle  and  wavelength.  Figure  2  shows  a  typical  curve. 


RELATIVE  SCREEN  SCAN  DISTANCE 
C I  div  s  1.41  cm) 


Figure  2.  Calibration  Curve  i'or  7450  R  (V)  and  7450  5  (H)  at  135°,  Reading  Left 
to  Right.  Forward  and  backward  traversals  of  the  screen  are  shown 


Since  proof  of  this  calibration  technique  is  given  by  Pritchard  and  Elliot,  it 
is  only  necessary  to  state  the  result  here.  It  is  shown  that  the  volume  scattering 
function  in  absolute  quantities  is  given  by 

Rcosyt  cos'/ '  W  ,  , 

- - - - — — ~  icm'1  sr"‘j  (6) 

*/wA- 

where  R  is  the  reflectance  (for  backscaiier)  or  transmittance  (for  forward  scat¬ 
ter),  y*  is  the  angle  of  incidence  of  the  transmitter  beam,  that  is,  the  angle 
between  the  normal  to  the  screen  and  the  transmitter  axis,  y“  is  the  angle  between 
the  normal  to  the  screen  and  the  receiver  axis,  J  is  the  recorded  integral 
referred  to  above,  and  Wa  is  the  instrumental  response  due  to  a  volume  of  atmos¬ 
phere,  To  compare  Eq.  (6)  with  Eq.  (3),  we  sec  tliat  VV,  =  W(<L)  and  the  calibra¬ 
tion  factor  of  the  instrument  is 

„  1  .  Rcos-y*  cos" 

K  =  ..  =  ■  — ■*—  -  1 1) 

K1  *JWcV 

{I n  the  particular  nephelometer  configuration  used,  ■/  -  y*‘  -  ps/Z.) 

The  salient  feature  of  the  calibration  technique  is  that  it:  requires  no  assump¬ 
tions  regarding  sampling  volume,  uniformity  of  illumination,  or  equipment  sensi¬ 
tivity.  However;  optical  attenuators  used  to  reduce  the  source  intensity  during 
the  nephelqmeter  calibration  can  introduce  systematic  errors  if  their  attenuation 
is  not  measured  precisely.  Finally,  once  the  value  of  K  is  determined  as  a  function 
of  scattering  angle  and  wavelength,  the  corresponding  values  of  /Xdg)  are  calculable, 
in  absolute  value,  from  the  instrumental  response  by  using  Eq.  (3). 

4.  INSTlUiXEXTATtQN 

A  diagram  of  the  nephelcmeter  configuration  is  shown  in  Figure  3.  An  un¬ 
polarized  150-W  xenon  light  source  manufactured  by  1LC  Corporation  provides  a 
uniformly  illuminated  project  area  5. 7-cm  square  at  the  center  of  the  instrument. 
The  source  was  operated  CW,  but  chopped  at  ZZ.5  Hz  to  give  intensity  modulation 
and  thereby  allox;  synchronous  detection  as  a  means  of  suppressing  unwanted 
signals. 
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Figure  3.  Balloon-borne  Ncphelomctcr  Schematic 


LIGHT  PIPE 
ENTRANCE 


Figure  -I.  Typical  Photometer  Design 


The  typical  receiving  photometer  is  essentially  a  telescope  focused  at  the 
center  of  the  instrument,  approximately  6!)  cm  from  the  objective  lens.  The  optical 
configuration  is  shown  in  Figure  4,  A  2.5-cm  square  aperture  serves  as  the  field 
stop  and  provides  a  field  of  view  of  about  6°.  This  aperture  is  imaged  by  the  objec¬ 
tive  lens,  resulting  in  u  7.6-cm  square  acceptance  area  and  thereby  defining  a 
transmitter-receiver  common  volume  with  dimensions  of  5,  7  cm  x  5,7  cm  X  7,  6  cm 
when  viewed  at  90°.  A  7.6-cm  square  aperture  is  placed  in  front  of  the  objective 
lens  to  further  collimate  the  light  received  from  the  measurement  volume  and  to 
accommodate  the  receiver  solid  angle  with  its  field  of  view. 

The  objective  lens  focuses  the  scattered  light  on  the  field  stop.  A  pair  of 
aspheric  condenser  lenses  behind  the  stop  images  the  objective  lens  onto  an  KMI 
9558  photomultiplier  having  an  S-20  spectral  response.  This  optical  configuration 
gives  a  sharply  defined  sensitivity  profile  across  the  beam  in  the  region  of  inter¬ 
section  with  the  source  beam,  and  also  provides  essentially  uniform  sensitivity 
throughout  the  common  value. 

An  eight -position  filter  wheel  is  mounted  adjacent  to  the  square-field  aperture. 
Spectral  filters  at  four  wavelengths  (4750 $,  5150;?,  6600;?,  and  7450  $  with  1/2 
bandwidth  ±110$  )  arc  used  and  the  filter  wheel  is  advanced  via  a  Geneva  drive 
mechanism  at  a  rate  of  10  rpm,  thus  providing  a  sampling  rate  of  nearly  0.7  sec 
per  filter.  For  the  balloon  flight  the  4750$  and  the  7450$  filters  had  linear 
polarizers  laminated  to  their  surfaces  so  that  the  vertical  and  horizontal  polari¬ 
zation  of  the  scattered  light  could  be  analyzed  sequentially  at  these  wavelengths. 

The  remaining  two  positions  on  the  filter  wheel  were  used  to  check  the  zero  level, 
that  is,  the  scattered  light  was  blocked,  and  to  provide  a  reference  signal  directly 
from  the  source  (via  light  pipes)  to  monitor  the  source  intensity  as  well  as  gain 
changes  in  the  photometer. 

The  photomultiplier  output  is  fed  to  a  Princeton  Applied  Research  (PAR) 

Model  120  Lock-In  Amplifier  that  is  fixed-tuned  to  the  22.5-JIz  chopper  frequency. 
This  provided  ample  sensitivity  and  noise  suppression.  An  Ampex  Model  AR214, 
14-track  magnetic-tape  recorder  is  used  to  store  the  data  output  from  each  receiver 
unit.  In  order  to  cover  the  wide  dynamic  range  of  signals  detected  over  the  (light 
profile,  the  PM  tubes  were  operated  at  reduced  sensitivity  for  the  first  9  Km,  and 
the  output  from  each  amplifier  was  recorded  at  two  tape  recorder  gain  set  tings - 
one  greater  than  the  other  by  a  factor  of  10. 

Light  traps  are  located  opposite  the  source  and  each  phoiotneior  in  order 
lo  reduce  the  amount  of  stray  radiation  seen  by  the  observation  beams  and  to 
proviee  a  black  background  beyond  .he  measure  ment  volume.  An  opiiral  sche¬ 
matic  of  a  light  trap  is  shown  in  Figure  .*»,  Light  entering  the  trap  is  incident 
at  46°  upon  a  black  specularly  reflecting  plexiglass  surface.  Most  of  tin-  Ijglu 
is  absorbed  by  the  first  surface;  the  specularly  reflected  component  s’ rik.es  a 
second  plate,  which  is  oriented  at  a  slight  angle  with  respect  to  the  first  and  is 
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directed  further  Into  the  trap  where  it  Is  absorbed  during  many  additional  reflec¬ 
tions.  The  only  light  leaving  the  trap  — If  It  is  clean  and  dust  free  — is  negligible 
( v6x  10  ^ ) ,  due  to  non-specular  reflection  from  the  first  surface.  For  the  balloon 
flight,  however,  only  one  plexiglass  light  trap  was  used,  opposite  the  source;  the 

other  traps  were  simply  lined  with 
black  velvet. 

A  rather  critical  consideration  in 
overall  nophelometer  design  is  a  gon¬ 
dola  housing  sUujture  that  prevents 
sunlight  from  reaching  the  scattering 
volume  and  at  the  same  time  allows  a 
free-flow  of  atmosphere  so  as  not  to 
disturb  the  measurement  volume. 

This  was  accomplished  by  mounting 
the  equipment  on  a  3.  3-m-diam 
octagonal  frame,  fabricated  from 
aluminum  U -channel  beams,  and 
building  a  concentric  housing  struc¬ 
ture  of  highly  reflecting  aluminum 
sheets.  The  resulting  octagonal 
* '  doughnut' '  was  G.o-m  high  with  a 
1-m-diam  center  section.  At  the  top  and  bottom  of  the  center  section^ removable 
sunlight  baffles  provide  udequr.tc  sunjfthiclding  as  wclfas  entrance  and  exit  ducts 
through  which  the  ambient  aerosols  can  flow  unobstructed. 


Figures,  Light  Trap 
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The  high  attitude  balloon  (2  million  cu  ft)  that  carried  the  experimental  pay- 
load  was  launched  from  the  Stallion  flange  Center,  WSMR,  at  1155  MST  on 
1  November  1  !> 70  into  a  clear  sky.  The  gondola  landed  4  hr,  22  min  later, 

200  miles  eastward  near  the  New  Mexico-Texas  border.  Figure  6  shows  the 
flight  trajectory.  The  payload  reached  better  than  26-km  altitude  and  was 
recovered  intact,  with  no  damage  to  the  equipment. 

Although  tills  was  the  maiden  balloon  flight  for  the  instrument,  with  all  the 
"  bugs"  and  unforeseen  difficulties  accompanying  it,  some  rather  interesting  and 
meaningful  results  were  obtained. 
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Figure  6.  Flight  Trajectory 

As  aforementioned,  the  data  output  from  each  receiver  unit  was  recorded  in 
flight  on  magnetic  tape.  Unfortunately,  the  playback  contained  readable  outputs 
from  only  the  photometers  at  45°,  90°,  and  135°,  and  of  these  the  1  35°  unit 
ceased  operation  at  around  15km  when  the  filter-wheel  drive  mechanism  jammed. 

The  recorded  signal  amplitudes  were  averaged  over  1  3  or  so  data  points,  which 
corresponds  to  flight  time  intervals  of  about  1.2  min.  Since  the  rate  of  rise  of 
the  balloon  was  600  ft/min,  this  implies  an  altitude  interval  of  about  0.2km. 

The  amplitudes  were  expressed  in  terms  of  analog  voltage  outputs  from  the 
respective  PAR  amplifiers.  These  voltages  were  used  in  conjunction  will)  the 
pre-flight  calibration  factors  for  each  photometer  and  spectral  filter  to  calculate 
the  volume  scattering  function  as  a  function  of  altitude. 

Figures  7  through  Figure  15  show  the  flight  results  for  the  three  scattering 

angles  and  four  wavelengths.  In  addition,  the  appropriate  Rayleigh  profiles  are 

plotted  to  provide  a  measure  of  the  contribution  of  atmospheric  aerosols  to  the 

total  scattering  function.  Indeed,  it  is  revealing  that  there  was  no  pure  Rayleigh 

scattering  over  the  entire  flight,  although  the  4750  R  and  5150/^  scattering  follow 

the  Rayleigh  slope  more  closely  than  the  longer  wavelengths.  Moreover,  die  vertically 

polarized  47f>0^  at  90°  is  the  least  sensitive  to  the  presence  of  aerosols,  which  eorrob 

orates  the  assertion  that  the  air  molecules  polarize  the  incident  light  and  should  he 

-4 

more  pronounced  at  the  shortest  wavelength  due  to  the  \  Rayleigh  intensity  factor. 

On  the  other  hand,  the  horizontal  component  is  quite  sensitive  to  aerosols  in  the  scat¬ 
tering  volume,  since  the  90°  Rayleigh  component  is  theoretically  zero.  At  4f»°  the  polar 
ization  is  less,  thus  the  aerosol  influence  is  dominant  at  all  wavelengths  for  that  angle. 


45*  VOLUME  SCATTERING  FUNCTION  IknT'if'1)  45*  VOLUME  SCATTERING  FUNCTION  (kmV) 
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Figure  R.  45°  Volume  Scattering  Function  vs  Altitude  at 
5150  A  anti  (5 GOO  X 
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Figure  15.  135°  Volume  Scattering  Function  vs  Altitude  X  7450 i?(V)  and  ©7450  J?(H) 


The  values  of  the  volume  scattering  functions  follow  the  expected  pattern. 

That  is,  they  are  greater  in  the  forward  direction,  when  particulate  matter  is 
present,  and  the  increase  is  further  biased  toward  the  longer  wavelengths.  The 
7450  J?  scattering  is  see",  to  be  influenced  almost  completely  by  aerosols.  Unfor¬ 
tunately,  however,  due  •• o  equipment  malfunctions,  a  vertical  profile  of  the  scat¬ 
tering  phase  function  could  be  drawn  for  only  three  points  (at  45°,  90°,  and  135°). 
Nevertheless,  Figures  16a  to  16d  reveal,  at  least  qualitatively,  how  the  angular 
dependence  of  the  scattering  function  changes  with  aerosol  concentration. 

The  polarization  ratio  as  a  function  of  altitude  is  plotted  in  Figures  17 
and  18  for  the  475G  R  wavelength,  at  45°  and  90°  respectively.  These  figures  show 
the  rather  striking  role  that  aerosols  play  in  affecting  the  polarization  of  the 
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Figure  IGa.  Volume  Scattering  Function  vs  Scattering  Angle  at 
4750  R  (V) 


Figure  16b.  Volume  Scattering  Function  vs  Scattering  Angle  at 
4750  .■?  (H) 
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scattered  light,  the  degree  c*i  polarization  varying  inversely  with  the  aerosol  nunber 
density  or  turbidity.  For  example,  at  90°  an  I  /I||  value  of  10  means  that  the  un¬ 
polarized  incident  beam  became  S2  percent  polarized  upon  scattering,  and  a  ratio 
of  *1  indicates  that  it  became  60  percent  polarized.  The  dominance  of  the  molecular 
contribution  to  tne  polarisation  of  the  scattered  light  is  apparent.  However,  at  45° 
it  varies  from  about  20  percent  in  the  relatively  clear  air  to  13  percent  when  the 
aerosol  concentration  is  greatest.  Even  though  the  polarization  is  reduced  at  35°, 
as  Eq.  (5)  predicts,  the  two  profiles  have  much  the  same  structure  and  the  values 
compare  favorably  with  those  of  Bullridi  (1064). 

o  0 

Figure  19  shows  the  ratio  oi  the  scattering  function  at  45  to  that  of  1  35  from 
ground  to  15km,  and  reveals  marked  variations  as  the  aerosol  concentration  changes. 
Moreover,  the  ratio  varies  with  wavelength  and  the  scaiiering  at  the  longer  wave¬ 
lengths  is  stronger  in  the  forward  direction,  as  is  clearly  evident  from  the  plots. 

In  comparing  all  the  figures  in  order  to  get  a  composite  picture,  one  finds 
some  common  structure  in  the  profiles.  After  passing  through  the  ground-level 
dust  (Use  visibility  was  better  than  30  km),  some  aerosol  fuse  structure  was  evident 
at  4-,  5.7-,  and  7.  5 -km  altitude.  Noteworthy  is  die  increase  in  the  forward-to- 
backscatrer  ratio  at  these  altitudes. 
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Figure  19.  Forward-so-Backseatter  Ratio  vs  Altitude  and  Wavelength 


This  aerosol  strui.,*iring  appears  to  be  closely  correlated  with  changes  in 
ambient  ten^Miare  and  lapse  rate*  (See  Figaro  20  for  the  night  profile).  in  fa-!, 
the  presence  of  a  double  iropopausc*  or.  the  day  of  the  High!— a  not  uncommon 
phenomena  in  the  laune*'  vicinity— can  be  verified  front  the  nephelonjeier  data. 

Near  the  second  tropopaase  at  15  km  (temperature  -Mt°c).  the  particle  concent  rat  Ion 
begins  to  increase  appreciably,  and  the  first  of  the  tv  el! -known  stratospheric  dust 
layers  emerges  at  1 7 km,  reaching  a  maximum  at  about  IS.  5  km.  This  is  parlletil- 
ary  well  defined  in  the  polarization  profiles.  Of  special  note  is  the  fact  ilia*  the 
polarization  from  the  stratospheric  dust  is  approximately  the  same  as  that  due  to 
the  ground-level  particles  on  the  "clear**  day  of  the  flight.  This  implies  the  size 
distributions  should  be  comparable. 

At  least  four  other  stratospheric  layers  were  prominently  manifested  during 
the  balloon  ascent.  Their  altitudes  were  ascertained  from  a  mean  of  die  separate 
profiles.  A  layer  at  about  21  km  appears  in  all  the  profiles  as  well  as  ope  between 
23  and  24km  with  maximum  concc-ntrat'  jii  at  about  23.8  km.  In  addition,  the  polar¬ 
ization  data  and  the  45°  scattering  functions  indicate  a  layer  at  25  km  and  a  some- 
what  weaker  one  at  26  km.  On  the  descent  phase  of  the  flight.  Use  26-km  layer  was 
stronger  and  die  25-km  layer  had  apparently  moved  to  24km  or  so.  The  23-km 
iayer  was  not  sharply  defined,  but  the  one  at  21  km  was  broader  than  if  was  on  the 
up-ieg  of  the  flight.  The  layer  at  18.5  km  was  still  present  on  descent. 

Horizon  time-lapse  color  photographs  taken  with  a  camera  mounted  on  top  of 
die  gondola  as  an  independent  experimental  payload  showed  much  the  same  aerosol 
structure  in  the  stratosphere  as  that  measured  widi  the  hepheloroeter  {Volz*  1571). 
The  stratospheric  dust  has  been  the  subject  of  numerous  investigations—  Junge  ct  a! 
(1361),  Volz  and  Goody  (1962).  and  Rosen  (1968)  among  several  others— and  lias 
(won  observed  by  researchers  in  all  parts  of  the  world. 

The  observed  correlation  between  aerosol  concentration  arid  tempera¬ 
ture  profile  has  been  reported  by  other  researchers  (Elterman  et  ai,  1969; 
McCormick,  1970).  and  is  logically  explained  by  atmospheric  processes.  Since 
the  flight  was  at  noon,  particles  were  convected  upwards  due  to  warming  at  the 
earth*  s  surface;  tints,  the  lower  altitude  fine  structure  emerges  as  a  result  of  the 
convective-mixing  process.  However,  at  a  temperature  inversion  this  upward 
transport  is  inhibited  and  a  turbidity  maximum  results.  The  observed  aerosol 
layer  with  maximum  concentration  at  7. 5  km  is  then  interpreted  as  resulting  from 
the  combined  effects  of  the  surface  convective  layer  and  a  weak  tropopause.  This 
aerosol  structure  is  apparent  in  both  the  polarization  profiles  and  the  plots  of 
forward-to-backseatter  ratio. 
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The  sifatospnt-ric  ac-regol  B  also  assoCiiScii  sith  il;r-  aasc-S  of  5  troaupouge; 
indeed,  she  primary  ireponause,  often  atsIgjdH?)  the-  tropical  u^spasst,  is 
almost  invariably  characterized  %  3  turt*ldiiy  njssira-ans.  'nils  iwpap-aese  Is  hum 
more  stable,  het  wcr,  and  volcanic  dust  that  is  transported  vertically  Ls  the  in¬ 
tense-  convective  activity  in  the-  tropical  and  sutarop.’sal  n-glias  remains  la  %hc 
stratosphere  tor  years*  Morcrtwr,  the-  air  eontaiafcjg  the-  ar-Kn-ais  =  s-lf-r  ves 
advectl on,  which  produces  the  dust  sirailficaiioa  usually  observed. 


i.  onaiinxi 

Thi-  results  from  ihe-  balloon  flight  should  be  viewed  as  preliminary  in  ihe 
sense  that  they  represent  about  a  third  of  die  data -acquisition  capabilities  of  the 
nephelometer  system.  Nevertheless,  the  utility  of  such  an  IrtStrmneni  is  quite 
apparent.  It  sas  possible  to  seiciaic  profiles  of  the  volume-  scattering  function 
versus  altitude-  far  three  scattering  angles  and  four  travelers s.hs _  Although  s  care¬ 
ful  error  analysis  was  not  undertaken  (the  neutral  density  filters  and  optical  atten¬ 
uators  used  in  calibration  -ere  die  most  likely  source  of  error  1  would  eause  2 
constant  bias  tn  the  volume  scattering  functions  away  from  or  toward  the  Rayleldi 
values),  perhaps  at  most  a  iO  percent  error  coaid  be  au  Tibet  od  to  the  aslibtans;. 
The  polarization  profiles,  however-,  are  independent  of  the  calibration  since  they 
were  obtained  be  taking  the  ratio  of  taro  analog  signals  at  the  sane  tsavdength, 
detected  about  G.  3  see  apart,  with  the  same  receive;  .  SinsSariy,  the  forward-to- 
backseatter  ratio  is  less  i  rone  to  calibration  influences  as  these  tend  to  dihde  out. 
particularly  over  a  range  of  values  for  ibis  ratio.  In  subsequent  baSann  flights  the 
possible  calibration  errors  can  be  reduced  appreciably  lo*  carefully  standardising 
the  optical  components  used.  Other  opej-ational  jrobk-ias  are  rsrtcisaMe  with 
minor  equipment  moditlcatio  s. 

Even  thoudt  the  amount  oi  data  was  limited,  there  was  sufficient  information 
to  show  that  the  oolar  isepheiotoeter  Is  a  very  sensitive  increment  for  atmospheric 
optics  Investigations.  Indeed,  much  mure  quantitative  results  titan  presented  here 
can  be  discerned  from  the  angular  scatte  ring  of  light  and  Its  dependence  '*->  wave¬ 
length  and  polarisation.  If,  tor  example,  the  pltase  hstciian  is  determined,  the 
turbidity  can  be  calculated  from  the  polarisation  data.  since  an  earliest  relationship 
can  be  established  between  the  two.  From  the  wavelength  dependence,  there  is  a 
possible  inference  relative  to  particle  sire?  or  at  least  size  distribution. 

The  daytime  operational  capability  of  the  balle  a-borne  polar  oepfcelometer  is 
an  invaluable  asset.  This  permits  atmospheric  optics  measurements  heretofore 
very  difficult  if  not  impossible  to  obtain.  There  is  at  present  Me  information  on 
me  diurnal  3n«  nocturnal  clcsnges  m  the  a-mospherlt-  aerosol  structure,  esoecisllv 


"  iroP*sphere.  abfc  the  cwvcctivi-  phenomena  play  5  major  part  in  deter- 
lahung  *>'  swgpssre,  the  imparlance  of  making  observations  ddrlng  the  day  as 
«el!  as  night  is  thus  obvious. 


Acknowledgments 


me  authors  -«ald  like  to  ackssile^e  the  assistance  of  Car!  ^iat.  Walter 
Jackson,  last  Halcei  and  the  AFCRL  machine  ssi^j  perse nnel  13  the  -design  a 1*4 
construction  of  the  experimental  package.  Appreciation  is  also  extended  la 
Hobert  I).  Maher,  Michael  F.  Dadkario,  Dr.  Frederick  E.  Vo!',  and  Jofea  D. 
Esses  for  their  invaluable  help-  is  fee  field  and  in  the  data  reduction.  The  A  POKE 
tallcNsn  group  at  Holloman  AF3,  Xe*  Mexico,  is  commended  for  the  successful 
*5*ght  and  recoveiy  of  fee  equipment.  Helpful  reviews  aad  discasssioeas  of  fee 
report  ^ere  held  *ith  Dr.  Robert  W.  Fean. 


I 


References 


Bora,  J?..  Wsdf,  E.  C!S$9  Priadales  of  Qptl es.  PtrS:  v®  ?«ss, 
Sesr  York,  p.  £56 

3'iliricfe.  K_  (!5t-9  Scattered  radSatiee  is  the  aimoecabere  3rd  the  sasssral 
aerosol,  front  AA'.  «sGts^?iics  36-10i-257t  K.E,  Larfisbers  ar4 
J. E-  33Ieg*iem.  Ea«o«,  AcaaeskTres!;,  X.V. 

Clemesha,  B.R. ,  Kent.  G»S„.  sod  Wright,  8.S.  {1S6»)  *  laser  radar  for 
atmospheric  stedses.  J,  AppS.  MetcaggS.  6:3St--2S5. 

CoUis.  S.T.H.,  and  Ligda,  3I.G.H.  (JSit)  ets  lifer  wsensakss  « 

particulate  pastier  h  site  stratosphere,  J.  i.tcsos.  get,  25:265-257. 

Cr-asbv,  p„  and  Koe  riser,  B.W.  (1S64  Scattering  of  Ssit  Is  the  lexer 
atm>sph**re,  J.  Opt-  See.  Am.  55: 35?-3rl. 


Gieraas,  L.  (1S£6)  Aerosol  measoreraents  ia  the  troposphere  asd 
stra!c£ph ere,  AcpI.  Opt.  5:1T£S-!T5. 

Elterman.  L.  (!5£${  13.  V..  Visible  and  IR  AttessatSca  for  AHitsdes  to 
50  Ra,  ISoS,  Report  AFCRL-eS-©I53,  AFCRL.  Bedford,  Slass. 

Eltermaa.  I;.,  Wetter,  R., and  Chang,  D.T,  (l?i9)  Festsres  of  srwwsdsert 
and  stratospheric  anr  ,  Appl.  Opt.  £:355-50 3. 

Grams,  G. ,  and  Ffocco,  G.  (156?)  Stratospheric  at  rose:  rarer  daring 
ISeA  and  1S5S,  J,  Ooochrs.  Res.  72:3523-3542. 

Jonge,  C,E.,  Cbagnt,  C.W.,  asdSassw,  J- E.  (!$£•?) Stiatosetiic 
aerosols,  3.  Mefeoroi.  15:31. 

McCoraick,  35.  P.  (1970  Simultaneous  multiple  saveleagfe  laser  radar 
measurements  of  fee  loafer  atmosphere.  Paper  presented  at  Electro- 
Optics  Systems  Design  Conference.  Xe»  York, 


Priissani,  S.S..  asSEUisst,  W.G.  (IKO  Tsta  isaisasesa  for  atsvaspfceric 
op^ks  measureless,  J.  Opt.  Soc.  Am.  56:191-201, 

Rasta,  J,  (5S»)  Siasaliaseoas  ifasi  ssd  ozone  socsdis^s  orer  North  and. 
Ci-ffra-  Aiaerisa,  J.  (iwchys.  Res.  73rf79. 

Vola.  P.E.  OSitSsrt!a^fc»rfc  aerosol  Isjers  Srca  Mioos'boise 
t»Rae  psefograpfes.  Paper  Is  presaniicii, 

Volz,  F.E..  as=d  Goody,  R.y.  Ufi’l  The  inie-asiry  of  ibt  ;*'Pi|h:  aid 
spper  aisnosf&erio  dass,  J,  Aisssw.  Set.  1 9; 355 —J  *4-. 

Waidrass,  J,jI.  flS-55)  Keasaresstnis  of  the  yhoHomesrie  properties  ssj 
fee’soeritrasakrf,  J.  Met  enrol.  71;3I9-33t, 


